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This  report  presents  a inethod  for  the  calculation 
of  the  equilibrium  skin  temperature  of  aerodynamic  shapes  in 
steady  flight,  hraphioal  methods  are  presented  for  the  cal- 
culation of  equipment  temperature  and  compartment  air  tompora- 
ture«  The  numerical  and  graphical  solutions  are  presented 
for  aircraft  flying  at  speeds  to  Mach  number  5 '^tid  for  alti- 
tudes from  0 to  100,000  feat  in  the  proposed  USA.F  Hot  and 
Cold  Atmospheres. 

In  this  report  an  attempt  is  made  toward  simpli- 
fication of  the  empirical  formulae  by  graphic  presentation 
of  calculations  upon  typical  aerodynamic  shapes.  Analysis 
is  based  upon  consideration  of  a flat  plate  and  the  case  of 
an  isothermal  surface  and  constant  free  stream  velocity. 
Methods  for  applying  the  graphs  to  other  surfaces  are 
presented. 
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A 

Q 
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ft^ 
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ft^ 
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ft 
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Q 

a 

nocturnal  irradiation  from  above  the 

surface 

BTU/hr  ft^ 

nocturnal  lrradi.ation  from  below  the 

surface 

BTU/hr  ft^ 
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nocturnal  irradiation  ■ l/2(Qg^-tG^j) 

BTU/hr  ft^ 

G 
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solai'  i rradi.ation 

BTU/hr  ft^ 

o 

outer  surface  coefficient  of  convec- 
tive heat  transfer- 

BTU/hr  ft^  *R 

hf 

convective  (air  film)  coeffloient  of 
heat  transfer  for  single  horizontal 
cylinders 

BTU/hr  ft^  »R 

h 

q 

convective  (aix’  film)  coefficient  of 
beat  transfer  for  single  horizontal 
c.y'iiTidej‘3  - l/2  h^. 

BTU/hr  ft^  «R 

j 

eqijdvaltxr b of  heat 

778  ft  Ib/BTU 

■' 

thecmal  t endue ti  v5.ty  of  skin  BTU/hr  ft^  (•ft/ft) 
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n 

k 

thermal  conductivity  of  air 

BTU/hr  ft^(“R/ft) 

' L 

total  distance  from  leading  edge 

ft 

M 

7 

Mach  Number  — 
a 

dimensionless 

Nu 

hx 

Nusselt  Number  — 
k 

dimen  si  onle  ss 

P 

ambient  pressure 

Ib/ft^ 

Pr 

c //  g 

P-randtT  Number  VV^ 

dimensionless 

equipment  heat  release 

BTU/hr 

^cv 

heat  dissipated  by  convection 

BTU/hr 

S- 

heat  dissipated  by  radiation 

BTU/hr 

r 

recovery  factor 

dimenaionless 

R 

universal  gas  constant 

1711  lb  ft/slug  *R 

Re 

Reynold' s Number 

r 

dimensionless 

s 

slant  length  on  cone 

ft 

t 

time 

hours 

T 

ambient  temperature 

•R 

T 

e 

adiabatic  surface  temperature 

•R 

T 

c 

compar-traent  air  temperature 

•R 

T 

q 

equipment  surface  temperature 

'R 

Ts 

outer  equilibrium  skin  temperature 

•R 

•H 

CO 

€h 

inner  equilibrium  skin  temperature 

•R 

6T 

temperature  difference 

•R 

T» 

reference  temperature 

•R 

'/ 

velocity 

ft/ sec 
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w 


w 

X 


e = 

<r 

P 

hr 


weight 

specific  weight  of  skin  material 
local  distance  from  leading  edge 
coefficient  of  thermal  expansion  = “ j 
ratio  of  specific  heats  = 1,U 
nocturnal  absorbtivity 
solar  absoititivity 

6-.  €-z 

€ ^ ^ emissivity, 

emissivity  of  outer  surface 
emlssivity  of  hot  surface 
emissivity  of  cold  surface 
Stefan-Boltzmann  constant  17.3  x lo”^*^ 
density  of  air 
skin  thickness 
absolute  viscosity 
1/2  vertex  angle 


lbs 

Ib/ft^ 

ft 

•E 

dimensionless 

dimensionless 

dimensionless 

dimensionless 

dimensionless 

dimensionless 

dimensionless 

BTU/hr  ft^ 

Ib/ft^ 

ft 

lb  sec/ft^ 
degrees 


no 

o 

00 

X 

m 

f 


subscript 

subscript 

subscript 

subscript 

subscript 

subscript 


denotes  local  condition 
denotes  free  stream  condition 
denotes  sea  level  condition 
denotes  local  or  point  value 
denotes  mean  value 
refers  to  air  film 
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INTRODUCTION 


Aa  actual  and  proposed  speeds  and  altitudes  of 
flight  increase,  the  problem  of  maintaining  a satisfactory- 
environment  for  airborne  eqtiipment  becomes  increasingly 
difficult. 


The  skin  and  internal  temperatures  of  an  aircraft 
travelling  through  the  atmosphere  at  a high  Mach  number  msy 
become  excessive  unless  a sufficient  amount  of  cooling  is 
supplied.  Conversely,  in  low  speed  aircraft  operating  under 
extremely  low  temperature  conditions  it  is  essential  that 
artificially  produced  heat  maintain  the  temperature  *cve  a 
minimum  design  value  (presently  ”80*F  non-operating,  -65 *F 
operating).  Calculations  of  skin  and  equipment  temperatures 
are  therefore  essential  to  the  development  of  high  altitude 
aircraft  and  -to  the  problem  of  controlling  the  actual  tem- 
perature of  airbome  equipment  to  a value  that  -will  provide 
satisfactory  life. 

This  report  is  the  result  of  an  investigation  to 
determine  by  literary  search  and  computations  those  proper- 
ties of  the  atmosphere  which  affect  the  heating  and  cooling 
of  a bo<ty  in  motion  at  various  altitudes.  This  information 
is  used  to  determine  stabilized  skin  temperatures,  equipment 
temperatures,  and  typical  compartment  air  temperatures. 

This  report  examines  the  problem  of  aerodynamic 
heating  of  typical  aerodynamic  shapes  in  steady  subsonic 
and  supersonic  flight  to  determine  the  value  and  signifi- 
cance of  the  pertinent  parameters  with  the  aim  of  using 
these  parameters  to  calculate  the  tenperatures  that  can  be 
expected  as  a function  of  altitude  and  speed.  An  attempt 
is  made  toward  the  simplification  of  empirical  formulae  by 
gr^hic  presentation  of  calculations.  In  our  analysis  we 
shall  consider  two  basic  shapes,  planes  and  cones.  These 
are  of  interest  for  aircraft  for  -the  following  reasons. 

Generally,  much  of  the  body  of  an  aircraft  is 
cylindrical.  Since  the  body  diameter  is  very  large  com- 
pared to  the  boundary  lV’®r  thickness,  conditions  on  the 
surface  of  this  cylinder  are  similar  to  those  on  a flat 
plane,  except  for  the  effects  of  the  distrubance  produced 
farther  upstream  by  the  nose  of  the  aircraTt, 
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The  nose  of  the  aircraft  may  be  conical  oi;  ogival. 
In  the  latter  case  the  nose  be  considered  a series  of 
truncated  cones,  so  procedures  used  in  dealing  with  cones 
are  applicable  to  an  ogival  nose  to  a reason^le  degree  of 
accuracy. 


The  usual  assun^tions  made  in  analyzing  boundary 
l«yers  are  applicable  here.  The  system  considered  is  one 
in  which  the  temperature  over  any  surface  considered  is 
asstuned  to  be  uniform  over  the  entire  surface.  The  boundary 
layer  thickness  is  negligible-  couqjjared  to  the  length  of  the 
surface.  It  is  further  assumed  that  boundary  layer  conditions 
which  exist  with  subsonic  velocities  are  not  affected  by  in- 
crease of  speed  to  supersonic  values,  except  for  effects  on 
boundary  layer  air  vhlch  are  considered  in  this  report. 

Also,  the  system  considered  la  one  which  has  a boundary  layer 
under  zero  pressure  gradient  beginning  from  some  known  point 
with  zero  thickness. 

With  this  concept  in  mind  appropriate  general 
aerodynamic  parameters  may  be  established  for  the  determin- 
ation of  equilibrium  skin  temper  attires . Although  a deter- 
mination of  the  accuracy  of  temperatures  obtained  by  methods 
presented  herein  can  only  be  made  after  checking  the  results 
of  an  experimental  investigation.  It  is  estimated  that  the 
following  maximum  errors  will  result  from  these  gr^3hioal 
methods!  Te  t |(Ts  - Te)|*  |(Tq  - Tb)|i  20%, 

|(Tc  " Tq)|  i 20%,  Accuracy  will  be  discussed  in  more  detail 
later  in  the  report. 
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A METHOD  OF  PREDICTING  SKIN,  COMPARTMENT,  AND 
EQ,1JIP>.!ENT  TEr^PERATlJRES  FOR  AIRCRAFT 


Aaalyals 


Heat  Balance  Equation 

If  the  initial  conditions  and  the  specified  flight 
trajectory  are  known,  skin  temperature  can  be  evaluated  as  a 
function  of  time  by  means  of  the  following  differential 
equations 


The  equilibrium  skin  teit^serature  Tg,  is  the  skin  tem- 
perature which  will  be  reached  after  a sufficient  lapse  of  time 
under  steady  flight  conditions  at  constant  altitude,  I/. 
Equation  (1)  defines  the  value  of  Tg,  since  in  the  limit  as 
t 00 , dig  0 and  Equation  (1)  reduces  to 

dT 

",  ‘ V V.  * <1.  0-^  »,>'*  ■ <> 

or 


The  thermal  balance  of  a given  area  of  the  skin  la  the 
resultant  of  the  following  sources  of  heat  flow: 

1.  Heat  gained  by  the  body  due  to  aerodynamic  heating, 

2.  Heat  gained  by  the  body  due  to  solar  and  atmospheric 
irradiation,^*^  ^ ^ s '^s) 

h 

3.  Heat  release  of  the  equipment, 
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U.  Heat  lost  by  the  body  due  to  radiation  to  outer  apace, 


Adiabatic  Surface  Temperature, 


In  order  to  calculate  equilibrium  surface  tempera- 
tures, adiabatic  surface  temperatures  are  first  computed  from 
the  following  equations 


T 


e 


T 


2gJCp 


(U) 


or 

T . T (1  r M^) 

e 2 


(5) 


If  a fluid  is  brought  from  a state  of  motion  to  a 
state  of  rest  by  friction,  as  occurs  at  the  surface  of  a flat 
plate  oriented  parallel  to  the  air  stream,  the  temperature  of 
the  flTiid  is  raised  to  a value  different  from  that  obtained 
by  bringing  the  fluid  to  rest  adiabatically.  The  ratio  of 
the  temperature  rise  due  to  friction  to  the  temperature  rise 
due  to  adiabatic  conpressure  is  known  as  the  recovery  factor, 

2/,  3/»  ll/.  The  value  of  the  recovery  factor  depends  on 
whetHer  the  flow  is  laminar  or  turbulent.  For  laminar  flow, 
the  recovery  factor,  r,  can  be  taken  aa  (Pr)V2 
turbulent  flow,  the  recovery  factor,  r,  can  be  taken  as  (Pr)'^’’, 

In  this  study,  the  value  of  the  recovery  factor,  r,  is 
taken  to  be  0,8?  which  is  an  average  value  obtained  from  exist- 
ing information  on  suhsonic  and  supersonic  flow,  both  laminar 
and  turt)Ulent,  on  flat  plates  and  cones,  y , the  ratio  of 
specific  heats  for  air,  is  l.U.  Equation  (5)  then  becomes: 

T^  - T (1  + 0.17U  M^)  (5a) 

6 


Equation  (5>a)  is  presented  in  graphical  form  as 

Figure  U. 


WADC  TR  bJ-'ily 


'1 


Tejq}erat\ire  for  Evaluating  Air  Properties,  T' 

6/,  7/  The  reference  tsnperature  T'  Is  obtained 
from  Crocco's  solution  of  the  boundary  layer  equations  cover- 
ing Mach  nuntoers  0 to  5.  It  is  the  temperature  at  i^ich  the 
physical  properties  of  the  air  are  evaluated  so  as  to  elimi- 
nate the  effect  of  small  variations  in  the  variables  Pr,  M 

and  T . 
s 

T»  - 0.U2T  (1  4 .076  M^)  4 0.58  T (6) 

8 

Since  Equation  (6)  contains  the  term  T5  which  is 
the  equilibrium  surface  temperature  that  we  are  eventually 
trying  to  determine,  we  wLll  substitute  in  its  pi Me  the 
adiabatic  surface  tanperature  Te  in  order  to  obtain  a close 
approximation  of  T* . When  Te  is  substituted  for  Ta  up  to  a 
Mach  number  of  5,  these  values  are  close  and  therefore  this 
substitution  is  accept^le.  This  is  also  the  condition  for 
an  insulated  plate.  If  qe  in  Equation  (3)  is  small  in  com- 
parison with  the  other  terms  this  then  iqpproaches  the  case 
of  an  Insulated  plate. 

Since  varying  the  reference  temperature  causes  the 
Nusselt  number  and  the  Reynold's  number  to  change  in  the  same 
direction,  the  effects  of  an  improper  choice  of  temperature 
are  greatly  minimized  Equation  (6)  then  becomes: 

T'  - T (1  4 0.03192  4 0.116  r I^)  (6a) 

This  siiqplification  is  also  Justified  from  the  results  ob- 
tained by  Hantzsche  and  Wendt  8/  vho  have  shown  in  their 
experiments  on  a flat  plate  the  effects  of  varying  fluid 
properties  resulting  from  temperature  variations  in  the 
boundary  Ityer.  Their  results  indicate  that  at  a Mach  num- 
ber of  5,  the  exact  unit  thermal  conductance  differs  firom 
one  for  isothermal  flow  by  less  than  5/f  for  ratios  of  surface 
to  fluid  absolute  tenqperatures  ranging  from  1 to  8.  The 
effect  of  variable  properties  should  even  be  much  lass  pro- 
nounced at  low  Mach  nunbers. 

Substituting  the  va3.ue  of  the  recovery  factor, 
r •>  0.87  into  Equation  (6a),  we  obtain: 
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T' 


T (1  + 0.133  M^) 


(6b) 


Figure  ? shovra  the  plot  of  Equation  (6b) . Some 
investigators  use  the  adi^atic  surface  temperature  Tg  as  the 
temperature  to  evaluate  the  fltiid  properties  and  their  experi- 
mental findings  are  also  in  good  agreement  vith  data  obtained 
empirically.  In  order  to  illustrate  the  amount  of  variation 
due  to  using  Tg  and  T'  as  the  reference  temperature,  an 
example  is  shown  in  the  appendix. 


Prandtl»s  Number,  Pr,  and  Thermal  Conductivity,  K 
Prandtl's  number  is  defined  asi 

Pr  - 3600  (7) 


It  can  be  regarded  as  the  ratio  of  momentum  diffusivlty  to 
thermal  diffusivlty.  As  the  temperature  increases,  the  value 
of  Prandtl's  number  decreases  as  shown  in  Figure  3. 

Figure  3 also  shows  the  variation  of  thermal  conductivity 
of  air,  k,  with  temperature. 


Reynold's  Number,  Re 
Reynold's  number  is  defined  as: 

Re  - (8) 

In  this  report  we  will  use  what  we  call  a modified 
Reynold 'fe  number,  the  Reynold's  number  without  a distance 
pararteter,  wtilch  is  defined  asj 

Ss-  (8.) 


This  expression  is  derived  as  follows: 


Reynold's  N\inber,  Re 


Prom  the  perfect  gas  law, 


)4 


WADG  TR  53-119 


Using  the  viscosity  lai. 


.7 


and  Re  _ 7 P 

* R (T'/Tq,)*'^ 

7 P 


(T 

' 00  ' 


Now  7 ■ K-f  where  a is  the  speed  of  sound  and  is  equal  to 
• Then: 


^ . P ^00  ^^/’’oo  M 

(T  ).7  ^ 

' 00  ' 

• *o°^’'oo>'^  X ■■ 

y^co 


a (T  )*^ 
00  ^ 00  ' 

Y- 


4> 


Therefore, 

Re 

X 


(j)  (P)(T)^^(M) 


(T') 


,a.7 


(8a) 


In  this  form  Re/x  can  be  presented  as  a noraogr^h 
as  shown  in  Figure  11.  By  use  of  this  modification  of 
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Reynold’s  number  a parameter  is  found  which  remains  constant 
with  X along  a continuous  sutiace. 

Equation  (8a)  is  a convenient  of  expressing 
the  modified  Rejmcld’a  mimber-  as  a function  of  a specific 
atmosphere  (P  & T),  speeii  cf  air. aft  (M),  and  the  .reference 
temperature  (T').  The  magnitude  of  this  modulus  is  an  indi- 
cation of  the  rate  of  new  fluid  ar-riving  in  the  thermal 
boundary  layer  to  carrj'  heat  to  or  from  the  surface.  The 
critical  Reynold’s  number  is  that  value  of  Re  at  which  the 
flow  characteristics  of  the  fluid  change  from  laminar'  to 
turbulent  conditions.  This  value  vrill  be  taken  as  5 x 10^  ^ 

for  purposes  of  computation  in  this  report,  that  is,  Re >5x10^ 
will  be  const dei'ed  as  turbul.ent.  flew  and  Re<^  5 x 10^  will  be 
considered  as  laminar  flow. 

Other  investigators  have  used  other  values  of  Re  for 
transition.  These  values  range  from  1 x 10^  to  2,5  x 10°. 

The  value  used  herein  has  been  found  to  agree  with  most  experi- 
mental results  available.  It  should  be  noted  that  many  inves- 
tigators have  used  free  stream  conditions  for  the  evaluation 
of  Reynold’s  number  and  thus  have  obtained  values  higher  than 
those  used  in  this  report. 

Heat  Transfer  Coefficient,  h.g 

9/  It  is  now  possible  to  introduce  the  Nusselt 
number,  for  the  flat  plate  which  combines  the  heat  transfer 
coefficient,  Prandtl  number,  and  the  Reynold’s  number  Into  an 
extremely  useful  parameter  defined  by: 


- ~ - 0.33  fRe)*-'’  (Pf)'^^ 
k 

(9) 

= iUS  ,,  0.03  (Re)'®  (Pr)*^'"^ 
k 

(10) 

Equation  (9)  is  applicable  only  to  a laminar  boun- 
dary l^er  Equation  (10)  is  applicable  to  a turbulent 

boundary  layer.  Equations  (9)  and  (10)  can  be  re-written 
as  follows: 
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Equatloiii!  (li.)  (Ic)  are  preset,. '..ed  aa  riOD'.’.’gram.e  in  .figures 
12  and  13. 

For  a fj.%r-  p.la-i.e_,  free  Londltlcns  c£  velocity 

and  pressur-3  axe  used  in  t.te  4e?;ernti nation  c.f  the  reference 
taniperattu'e  T‘,  and  based  on  this  value  of  T'  the  properties 
of  the  fiijid  are  evaluated.  These  properties  are,  themal 
oonductivity,  density,  and  viscosity.  Pr-andtl's  number  is 
also  determined  for-  this  reference  temperature  T* . 


For  any  other  aerodynamic  shape,  the  free  stream 
conditions  of  velocity,  pressure  and  temperature  are  replaced 
by  the  local  conditions  just  outside  of  the  boundary  layer  at 
that  point.  These  properties  can  be  found  once  the  pressure 
distribution  around  the  body  in  question  is  known,  13/,  II4/ 
This  data  can  be  determined  .from  wind  tunnel  experiments  or 
from  free  flight  tests  aid,  in  some  cases,  computed.  The 
change  in  these  proper-ties  for  a cone  at  various  speeds  can 
be  found  from  Figures  7,8,9,  and  10,  which  make  use  of  the 
fact  that  velocity  Is  constant  along  the  surface  of  a cone. 
For  ogives  we  can  assume  series  of  truncated  cones  or  a cone 
faired  into  a cylinder. 

In  addition,  it  has  been  shown  in  reference  8 that 
the  local  heat  transfer  coefficient  in  laminar  flow  for  the 
cone  must  be  multiplied  by  (3)^2  to  account  for  curvature. 
For  the  case  of  turbulent  flow  on  a cone,  the  heat  transfer 
coefficient  as  obtained  by  Gazley,  3.6/  appears  to  be  1..15' 
times  larger  •'-han  the  local  heat  transfer  coefficient  as 
obtained  by  the  flat  plate  equations.  This  reasoning  will 
also  be  appiJed  to  ctnet  boiiies  of  revo.luti.on. 

It  should  be  noted  that  equations  (9)  through  (.12) 
are  the  local  values  of  Nuaselt.  nuf'iber  and  heat  transfer 
coefficient  at  x.  The  mean  value  over  any  continuous  flat 
surface  for  Nuose.lt  r/umijer  and  the  heat  transfer  coefficient 
are  given  by  the  followirg  expressions: 


(Nu)^  - i (Nii).^ 

(9a) 

(10a) 
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k / Re  \ 

(l).5  ( T) 


.33 


(h)j^  - 0.0375 


Re 


.8 


(L)-2  I L 


— (Pr) 


.33 


(LI  a) 


(12  a) 


where  L = the  total  distance  from  the  leading  edge  to  the 
point  in  question. 

The  relation  between  the  local  and  mean  heat  transfer 
coefficient  for  a cone  with  laminar  flow  is  shown  to  be: 


and  similarly  for  turbulent  flow: 


(“V  ■ 7 (I')* 


Radiation  Ebtchange 

U/  Another  factor  affecting  surface  temperature  is 
radiation.  A hea-^ed  body  emits  radiant  energy  at  a rate  and 
of  a quality  dependent  on  the  temperature  of  the  body.  This 
energy  relationship  is  shown  by  the  following  expression: 


- - £<r\  (T,)’*  (13) 

dt 

where  the  emissivity  ^ , varies  with  wavelength  (or  tempera- 
ture of  radiation),  degree  of  roughness  and,  if  a metal,  with 
the  degree  of  oxidation.  10/  Table  I gives  the  emlssivities 
of  various  surfaces  for  various  emission  temperatures. 
Although  the  values  in  this  table  apply  strictly  to  normal 
radiation  from  the  surface,  they  in^  be  used  with  negligible 
error  for  hemispherical  emissivity  except  in  the  case  of  well 
polished  metal  surfaces,  for  which  the  hemispherical  emissiv- 
ity  is  15  to  20  per  cent  higher  than  the  normal  value. 


n 
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Values  in  Table  I al.so  hold  for  sbsorbtlvlty  which 
is  dependent  upon  the  nature  of  the  incident  radiation  and 
should  be  evaluated  at  the  colr.r  temperature  of  the  irrsdi.at- 
ing  source.  For  purposes  of  computatAon,  the  value  of  absorb- 
tivity  due  to  nocturnal  in-adiation  will  be  taken  as  that  of 
a source  whose  temperature  is  1CX5*P. 

The  radiation  gained  from  the  sun,  space  and  earth 
is  shown  by  the  second  and  third  terms  of  Equation  (3)  where, 

^ r \ 

is  the  irradiation  to  the  surface  from  the  sun  assumed  to  be 
at  its  zenith  and  from  the  earth  and  surrounding  atmosphere 
and  which  is  expressed  as  a function  of  altitude  in  Figure  6. 
Above  ?0,CKX)  feet  these  values  are  assumed  to  be  constant. 
During  a night  flight  the  only  irradiation  factor  involved 
is  that  due  to  the  earth  and  the  surrounding  atmosphere. 

Since  all  the  terms  of  Equation  (3)  except  those 
for  solar  radiation  use  total,  surfaje  area  and  this  term  uses 
the  projected  surface  area  or  effective  irradiation  area  to 
the  sun,  the  term  Ap/Afc  is  introduced.  The  projected  surface 
area  Ap,  for  a horizontal  flat  plate  (wing)  is  1/2  the  total 
surface  area  At.  For  a body  of  revc.lution  Ap  is  l/tf  times  the 
the  total  surface  area,  A^, 

Equipment  Heat  q^^ 

A quantity  of  heat  is  dissipated  from  internal  com- 
ponents (electronic  tubes,  resistors,  motors,  etc.)  operating 
at  a given  load.  This  value  of  heat,  q^,  Is  the  net  heat 
released  from  all  such  components  and  is  divided  by  A*  In  order 
to  be  expressed  in  terms  of  BTU  per  square  foot  of  compartment 
surface.  If  such  components  are  artificially  cooled  toe  value 
of  Qg  will  be  reduced  and  in  the  case  where  cooling  exceeds 
heat  output  of  equipment  qg  will  have  a negative  value.  \ 


Method  of  Solution 

All  charts  md  graphs  necessary  to  achieve  solution 
r r the  specified  parameters  are  contained  In  toe  appendix 
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of  this  report.  The  fo].lowing  steps  are  taken  for  solution 
of  the  parameters  to  be  used  in  the  heat  balwce  equation  (3). 


Step  Fig,  or  Table  Result 


1.  Altitude,  Speed,  Atmosphere  Given 


2,  For  given  altitude  and  speed 
determine  anblent  pressure 
and  temperature  from  atmosphere 
to  be  used  for  solution  1,2 


3.  Determine  local  conditions 
adjacent  to  the  boundary 
layer 

For  a flat  plate  local  con- 
ations are  sme  as  free  stream 
(mbient)  conditions  1,2 

For  a c^j'ixe  in  supersonic  flow 

when  the  shock  wave  is  detached 

use  free  stream  conditions  as 

an  approximation  and  when  the 

shock  wave  is  attached  use  the 

following  figures  to  determine 

local  conditions  7,8,9,10 


U.  Determine  adiabatic  surface 
temperature  for  giv^n  speed 
and  local  temperature  U 


5,  Determine  reference  temperature 
for  property  evaluation  for 
given  speed  and  local  temperature  5 


6.  Determine  Modified  Reynold's  No,  11 

7.  Multiply  value  of  Re/x  as  found 
in  step  6 by  the  distance  in  ft, 
from  the  leading  edge  to  the 
section  being  investigated.  If 
the  value  is  ^5  x 10^  turbulent 
conditions  exist  and  if  the  value 
is  ^ ^ X 105  laminar  conditions 
^xlst 


Alt, 


P,T,M 


P,T,M 


T 


e 


T' 

Re/x 


Re 
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Fig,  or  Table 


Reaylt 


8.  Det-ermilne  value  of  thermal 
conductivity'  and  Pi-andtl 
nuraber  for  the  determined 

value  of  T*  3 

9.  Knowing  Ic,  Pr,  x,  Re/x 
determine  value  of  heat, 
transfer  coefficient  for  proper 

flow  conditions  12,13 

10.  Determine  ahsorbtiviby  of 

material  for  solar  aid  noc- 
turnal irradiation  Table  I 

11.  Determine  emissivity  of 

surface  T^le  I 


12.  Determine  irradiation  on  sur- 
face at  t'he  given  altitude. 

At  night  only  nocturnal  irradi- 
ation is  present  and  during  the 
day  both  nocturnal  and  solar  6 

irradiation  are  present.  For 
symmetrical  bodies 

13.  Determine  net  heat  exchanged  from 
equipment  per  square  foot  of  com- 
partment surface 


k,  FT. 


Prom  ths  above  thirteen  steps,  the  various  parameters 
necessary  to  solve  Equation  (3)  have  been  obtained.  We  can  now 
solve  Equation  (3): 


i o<  ^ Og)  + ^ ^ <r  (Tg)^-  0 


(3) 


Sample  Calculation 

An  example  is  presented  to  illustrate  the  application 
of  th-^  msthod  of  solution  of  the  various  parameters  x'equired 
for  solution  of  Eqnat.ion  (3),  The  exaraple  is  for  an  aiumlmun 
(cUST)  fl-st  pi  ate  (i,e.  wing)  with  ?:ero  angle  of  attack,  flying 
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at  Mach  itunAier  2 at  a constant  altitude  of  U0,000  feet  in 
the  12/  proposed  USAP  Cold  Atmosphere  during  the  day.  The 
probTea  is  to  determine  the  parameters  necessary  to  solve 
Equation  (3)  for  the  steady  state  eqpiilibrium  ten^erature  T^. 

Step  1 UOjOOO  feet,  Mach  No,  2,  Cold  Atmosphere 

Step  2 Prom  Pigs.  1 & 2,  - 33U  ■ 375  *R 

Step  3 M - 2 P - 33U  Ib/ft^  T - 375  *R 

Step  U From  Pig.  U,  - 6^0  *R 

Step  5 From  Pig.  5,  T'  - 570  «R 

Step  6 From  Pig.  11,  Re/x  » 2,5  x 10^ 

Step  7 for  x ■ 1 ft,  Re  ■ 2,5  x 10^  Since  this  value  is 
greater  than  5 x lO^,  turbulent  conditions  exist 


Step  8 From  Pig,  3,  k - .0158  BTO/hr  ft^  (*P/ft),  Pr 

Step  9 Prom  Fig.  13,  h^  ■ 65  BTU/hr  ft^  •? 


Step  10 

From  Table  I,  - ,53  0^  - ,26 

Step  11 

From  Table  I,  ^ - ,30 

Step  12 

From  Fig,  6,  - 36  BTU/hr  ft^ 

^ - lao  BTU/hr  ft^ 

Stop  13 

No  equipment  heat  dissipation  q.  - 0 

.71 


The  previous  exanple  was  for  a wing  (flat  plate) 
but  it  can  also  be  «pplied  to  aircraft  body  (cone)  by  using 
the  corrections  of  charts.  Figures  7,3,9,  and  10,  as  shown 
in  the  following  exanple  for  a 30*  cone  under  the  same  fly- 
ing conditions. 


Step  1 U0,000  feet,  Mach  No.  2,  Cold  Atmosphere 

Stop  2 From  Figs.  1 it  2 P^  - 33U  Ib/ft^,  - 375  *R 
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step  3 

Step  U 
Step  $ 
Step  6 
Step  7 

Step  8 
Step  9 

Step  10 
Step  U 
Step  12 
Step  13 


From  Figs.  7,8,9,10  30*  cone  shock  ware  is  at- 

tached M = 1.75  P » 501  lb/ft2  T « U20  *R 


From  Fig . U - 660  “R 

From  Fig,  5 T'  » 600  *R 

From  Fig.  11  Re/x  « 3.2  x 10^ 

For  X ■ 1 f t Re  *•  3.2  x 10^  Since  this  value  is 

greater  thai  5 x 10>  turbulent  conditions  exist 

From  Fig.  3,  k - .016  BTU/hr  ft^  ( •?/£!)  Pr  - .695 

From  Fig.  13,  - 77  BTU/hr  ft^  *F 

For  a cone  in  turbtilent  flow  multiply  this  value 

by  I,l5  or  h - 89  BTO/hr  ft^ 


»f3 


.26 


From  Table  I,  o(^  ■>  ,53 
From  Table  I,  ^ “ *30 

From  Fig.  6,  ^ ■ 36  BTU/hr  ft^  - lao  BTU/hr  ft^ 

No  equipment  heat  dissipation  q ■ 0 


graphical  Solution  of  Heat  Transfer  Equation 

Up  to  this  point  existing  informatipn  on  aerodynamic 
heating  was  reviewed  and  the  parameters  involved  in  the  heat 
transfer  Equation  (3)  were  analyeed  and  set  up  in  such  a way 
that  they  are  amenable  to  8iog)le  graphical  determination. 

It  is  believed  that  this  type  of  presentation  will  reduce  the 
great  amount  of  wozic  required  of  those  having  need  for  this 
information,  likewise,  it  is  logical  that  having  presented 
the  gr4>hical  solution  for  the  parameters  involved  in  the 
heat  transfer  Equation  (3),  the  solution  of  this  equation  for 
the  equilibrium  skin  tenqperature  should  also  be  presented  as 
a graphical  determination. 


Rearranging  Equation  (3)  as  follows j 
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and  perforaing  the  following  etfbstittttions  t 


Squctlon  (1$)  beconest 

Ali^  +BT.  - C-  0 (16) 

8 8 

This  fozm  of  fborth  degree  eqnatlon  can  be  readily 
solved  by  graphical  nethods.  This  gra^  Is  constructed  in 
Figure  lU  of  the  a^^ndlx. 

The  manner  In  which  this  griqph  is  used  to  determine 
the  equilibrium  skin  temper atuxvi  T_  is  as  follows: 

B 

1. 

2. 

3. 

U. 

5. 

6. 


..  Figure  ll:  in  the  appendix  of  this  report  shows  the 
actual  detail  working  griq>h  for  the  solution  of  the  equilib- 
rium skin  temperature  Tg.  An  example  Is  presented  to  Illus- 
trate the  use  of  this  figure  in  the  solution  of  Equation  (3) 


For  the  given  flight  oondltlonsy  compute  values  of  B & C. 

On  scale  B«  mark  off  the  confuted  value  of  B (note  scale 
factors  on  gr^h). 

Draw  a straight  line  from  the  origin  0-0  to  value  of  B 
previously  detemlned  in  step  2, 

On  scale  Cj  mark  off  the  ooaqnited  value  of  C (note 
scale  factors  on  grq)h). 

Through  this  value  of  C draw  a straight  Una  parallel 
to  the  line  drawn  in  step  3. 

Where  the  .straight  lins  from  step  $ intersects  the 
proper  JEPg*  curve,  drop  a line  perpendicular  to  the 
ta^Mrature  «d.s  md  where  this  perpendioular  inter- 
sects the  temperature  axis  is  the  value  of  Tg,  the 
equilibrium  skin  temperature. 


:LU 
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for  the  eqallibriuin  skin  temperature^  T.. 

B 

Senile  CaleulatAon 

Using  the  data  obtained  from  the  exanple  for  the 
idng  on  page  12  we  obtain  the  following t 


€x 

_ (.26  X 36  ♦ 1/2  X X mo)  » 0 ♦ 65  X 6$0 

.3 

c - iia,Uoo 

Noting  the  scale  factors  on  Figure  lU,  draw  a line 
from  orl^n  0 - 0 to  B ■ 216.7.  Then  throxigh  yalue  of 
C ■ liilyiiOO  draw  a line  parallel  tp  the  line  drawn  from  ori- 
gin to  B.  Vhere  this  line  intersects  curve  (1)  drop  a per- 
pend! eular  to  the  teiig)erature  axis  and  read  the  value  of  the 
equilibrium  skin  temperature  > 6$0  *R. 

Nov,  havlzxg  determined  the  equilibrium  skin  tem- 
perature T , we  are  in  a position  to  compute  the  vd.ua  of 
the  equipment  teaq>erature  and  the  compartment  air  temperature. 

Inside  Skin  Teitperatuz^, 

When  the  walls  are  poor  eonduotors  there  exists  a 
tcqperaturs  gradient  within  the  wall.  If  this  gradient 
existe  then  the  Inside  skin  surface  temperature  Tgi  must  be 
deteradnad  so  that  it  cm  be  used  In  the  determination  of 
equipsMnt  teaperattire  and  oompartment  air  temperature,  Tq. 

The  following  le  the  expression  for  determining  the  inside 
skin  equilibrium  surface  teaiperature,  (T^j^). 
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(Tsi  - T,) 


(17) 


8 

'C 


) «har6, 

_ heat  dlaalpated  by  equipment,  BTU/hr  ft  of  compart- 
^ “ ment  surface 
c 

2 

k ” thermal  conductivity  of  skin,  BTU/hr  ft  (*F/ft) 

> skin  thickness,  feet 

T ■ outside  equilibrium  skin  tetqjer attire,  *P 
■ inside  equilibrium  skin  temperature,  *P 


Equipment  Temperature, 

To  determine  the  ten^serature  of  components  buried 
vlthin  the  interior  of  electronic  equipment  located  within  a 
conpartment  is  a vary  complicated  matter  because  of  the  com- 
plex nature  of  the  heat  transfer.  .In  this  analysis,  for 
reasons  of  simplification,  it  is  convenient  to  assess  an 
average  temperature  of  the  equipment  by  considering  it  as  . a 
smooth  heat  generating  package  separated  from  the  skin  by  a 
considerable  blanket  of  air  across  which  the  equipment  is 
mounted  by  vibration  mounts  idd.ch  offer  good  thermal  insul- 
ation to  the  coaqiartment  wall.  The  heat  lost  firom  the  equip- 
ment by  conduction  through  the  vibration  mounts  will  thus  be 
assumed  to  be  a very  small  factor. 

The  following  is  the  equation  for  a heat  balance 
on  an  assumed  piece  of  eq\iipnent. 


(1®) 

In  this  analysis,  the  chassis  and  the  components 
enclosed  are  considered  at  identical  temperature  and  because 
of  the  coR^lex  mass  of  the  equipment,  it  will  be  treated  as 
a simple  smooth  package  such  as  a small  boiler  tube  bundles 
in  a box  for  which  data  m<^  be  obtained  from  references  17 
and  18. 
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Prom  Jfcikiains  1?/  the  heat  transfer  coefficient 
by  convection  from  single  horizontal  cylinders  is  given  by 
the  following  e^qpressioni 


R Tj 

Equation  (1?)  becomes! 


(0<)^^  (AT)^  (20) 

^ «T 


The  coefficient  of  heat  transfer  hf  is  for  the  air 
film  to  which  all  the  terms  with  subscript  f refer,  and J the 
constant  is  the  sh^e  factor. 

Equation  (20)  gives  the  j^Wue  of  the  heat  transfer 
coefficient  hf  for  single  horizontal  cylinders  !diich  ^proxi- 
mate the  heat  transfer  coefficient  for  small  rectangular 
boxes,  flat  plates,  etc. 


The  suppression  of  convection  by  proximity  of  the 
shell  to  the  component  bundle  may  be  neglected  if  the  con- 
vection is  handled  in  the  manner  suggested  in  reference  18/ 
where  iT  is  the  difference  between  hot  and  cold  surfaces  and 
convective  transfer  is  505?  of  normal  convection  to  free  air. 
Equation  (20)  becomes: 


h 

q 


^7ir 


(o<)^  (ai)*^ 


(21) 
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As  a means  of  simplification  all  texms  having  the 
subscript  f are  eTaluated  at  the  temperature  Tf  idiieh  will  be 
taken  as  the  average  between  the  equipment  tonperature  and 
the  equULbrium  inside  skin  surface  temperature. 

The  heat  transferred  by  convection  is  17/ 1 


V O,  ^ * I (22) 


( 0<  (T,  - (23) 


Here  effective  area,  A^,  accounts  for  the  difference  in  area 
of  the  equipment  and  i^lde  wall. 

In  Equation  (18)  the  radiative  heat  transfer  qj,  is 
given  by  the  following  expressiont 

%.  ■ <f  <Ti.  (ij  - lii)  (2U) 

Substituting  Equations  (23)  and  (2U)  in  Equation  (18) 
the  following  expression  is  obtainedt 

q,  (P)^^  (0<)^  (Tq  -Tgi)^'^+^^A^(Tq-Tii)  (25) 

Equation  (2$)  can  be  solved  by  a trial  and  error 
method  but  this  req^res  a great  deal  of  laborious  procedure. 

The  computations  are  reduced  to  a mlnlinum  by  resorting  to 
griqphs.  The  first  step  in  the  graphical  solution  to  Bquar- 
tlon  (2$)  is  to  plot  Equations  (23)  mad  (2U)  as  functions  of 
Tq  In  this  way  we  will  have  two  grqphs,  one  for 

convective  heat  transfer  as  a function  of  Tq  and  Tsi  and  one 
for  radiative  heat  transfer  as  a function  of  Tq  and  Tsi. 

By  making  an  estimate  of  the  equipment  tenperature 
Tg>  we  can  obtain  from  these  graphs  the  values  of  q,.  and  q^y. 

Since  we  know  qe»  the  total  heat  (dissipated  by  the  equipment, 
the  sum  of  the  conputed  and  (}(,y  should  equal  qe«  If  they 
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do  not,  the  Initially  assumed  value  of  Tq  was  in  error. 
After  a few  trials  we  should  be  able  to  <^t«dn  a very 
close  value  of  equipment  temperature  Tq  which  satisfies 
Equation  (25).  This  grqph  is  shown  as  Figure  15  in  the 
^jpendlx  of  tUs  report.  Exatqples  showing  the  use  of  this 
gra|di  are  also  contained  in  the  fqppendix. 

After  having  determined  the  equipment  temperature 
Tq  we  know  the  value  of  the  convective  heat  transfer, 

Sxnce  it  is  this  heat  transfer  that  is  heating  up  the  com- 
partment air,  we  can  solve  for  the  compartment  air  tempera- 
ture, To. 


Compartment  Air  Temperature,  T(. 

The  conpartment  air  is  heated  by  the  convective 
heat  from  the  equipment  since  radiation  from  the  equipment 
passes  thiraugh  the  air  to  the  outer  skint 


%v  - ^f  V* 


(22) 


The  heat  transfer  coefficient  h-  is  determined  by 
Equation  (15)  idiere  AT  is  equal  to  (Tq-  Tq)  and  Tf  *•  Tq+Tg 

~~2 

Equation  (20)  can  be  solved  by  graphical  means.  A graph  is 
constructed  of  qc-y  * function  of  Tq  and  Tq.  Since  Tq  and 
are  known,  the  point  at  which  these  two  values  intersect 
on  the  graph,  is  the  value  of  Tq  that  satisfies  Equation  (7). 
Figure  16  and  an  Illustrative  exaaple  of  its  use  are  con- 
tained In  the  ^>pendlx. 

Conclusions 


The  continuously  increasing  airplane  performance 
and  the  recent  achievements  in  the  design  of  miniaturized 
eleetrcnlo  equipment  has  created  the  broad  problem  of  aero- 
dynamic heating  lAilch  has  come  into  focus  oomparabively 
recently.  This  inevitable  merging  of  miniaturized  deelgns 
with  sonic  region  environments  necessitates  evaluation  of 
the  combined  effects  upon  not  only  the  aircraft  structure 
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bat  also  on  the  neehanieal  and  electronic  oonponenbs. 

Beoaise  of  the  oojQ>lexit7  of  the  modem  aircraft  >dilch  maor 
contain  many  distinct  systems.  It  becomes  self  evident  that 
these  systems  mast  operate  satisfactorily  shen  exposed  to 
the  ever  increasing  problems  of  aerodyoaonio  heating  and  of 
cooling  at  high  altitudes. 

In  view  of  the  above,  an  attempt  has  been  made 
to  present  a concise  sluplifled  graphical  solution  of  the 
aerodynanie  heating  problem  as  It  applies  to  the  solution 
of  the  equilibrlun  skin  toiperature,  equipment  tonperature 
and  compartment  air  temperature.  It  is  believed  that  the 
mthods  presented  In  this  report  will  aid  electronio 
designers  and  applications  engineers  in  determining  and 
evaluating  electronic  equipment  for  any  value  of  air  tem- 
perature, altitude,  and  installactlon  environment. 

Aside  from  the  internal  heat  dissipation,  the 
roost  iaportant  factor  in  establishing  component  tempera- 
ture is  frequently  the  temperature  of  the  surrounding 
surfaces  such  as  the  aircraft  „struct\ire.  This  one  fact 
alone  allows  a test  set-up  to  be  made  idiere  the  walls  of 
the  teat  cell  can  be  maintained  at  the  equilibrium  skin 
teapersture  as  detennined  by  the  methods  of  this  report 
and  conditions  of  altitude  can  ailso  be  simulated.  The 
piece  of  equipment  under  question  can  then  be  inserted 
into  this  stnulated  environmental  adrcraift  conpartment 
aid  its  operation  Ad  performance  studied.  From  these 
tests  wfaLoh  simulate  actual  ooiqiartmaht  environments  in 
high  perfoxvanoe  aircraft,  specifioations  for  equipment 
to  be  InstaLUsd  in  aircraft  ca  be  bwed  on  the  conditions 
to  be  sxpsoted  and  not  on  cmiditlons  tAtleh  exist  in  rela- 
tively lent  parformanos  aircraft  of  tbs  past.  This  test 
set-up  is  more  realistic  and  practical  thA  any  hypothetical 
analysis  presented  for  determination  of  equipment  tenperature 

The  exanple  of  equipment  tenperature  hA  been  res- 
tricted to  a single,  rather  elementary  unit  in  a relatively 
imifom  envlroimiAt  under  ideal  conditions,  and  unfortunately 
most  prAtlcal  problems  encountered  are  not  nearly  this 
siaple.  The  surfAe  tenperature  of  the  equipment  is  dis- 
tinctly non-unlfoni,  md  it  most  be  considered  that  the 
hottest  point  on  the  equipment  is  the  one  that  determines 
its  usefid  life. 

Aside  from  the  thermal  environment  Ad  its  effect 
on  electronic  equipment,  there  are  two  main  considerations 
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pertaining  to  the  influence  of  elevated  temperatures  upon 
the  aechanioal  perfoimanee  of  high  speed  aircraft  and  nls- 
sUes}  that  18,  the  effects  upon  the  structure  (strength  and 
xlgidltj)}  aid  upon  fuel  and  interior  equipment.  The  struc- 
tural design  problem  involves  the  selection  of  materials  of 
satlsfaotoxy  elevated  tender ature  strength  and  rigidity. 
k secondary  and  just  as  Ijqportant,  structural  'design  problem 
is  the  determination'  of  thermally  induced  streihses.  Similarly 
the  grigAiloal  solution  of  the  aerodynanlc  heating  problem  of 
equiUbzlum  skin  t«q>erature  as  presented  in  this  report  will 
aid  the  aircraft  and  missile  designer  in  evaluating  structures^ 
ordinance  end  mechanical  equipment  for  any  value  of  air  tem- 
perature} altitude  md  Installation  environment. 

is  can  be  seen  in  the  final  examples  of  a typical 
fuselage  eoaqpartmant  (Figures  17  « 18 , 19  )»  at  the  hightf 
Tuloeities  the  diffarenee  between  component}  eompartMUt}  and 
eqnilibrlan  skin  tenperatorea  is  negligible}  sanept  when  » 

e^pment  heating  per  unit  area  is  axtremely  large  (qVA^5000  VSu/bx  ft  ), 
OenverMlj}  at  these  epeedm  a great  deal  of  cooling  if  r^nired 
te  slgniileaBtljr  rednea  the  equipment  temperature.  It  is 
latereetiag  te  mete  that  at  the  lower  tltltudeS}  again  except 
when  equlpmsnti  bsatiag  or  cooling  «e  of  a very  high  magnitude} 
the  TtlBe  ef  eqslllhriTai  skin  temperature  is  equal  te  the 
adim>atie  Murfeee  temperature.  M dLtltt^bs  inoreese  dbove 
lt0}000  feet}  there  is  a departure  ttm  the  adiActie  surface 
tamper ature.  mth  eqalpamat  heat  bsing  produoed}  as  in  the 
emwple  idtawS}  mt  low  IMA  mmftsrs  tba  ekln  tmaperatura  is 
higher  tbmi  the  adlAadte  edaffase  tenperatars}  due  to  thie 
oqBtfmmrt  heat.  It  the  UA  amdbere}  however}  the  Ain 
t^ar ature  la  lamer  than  tha  adlAmtie  svrfaca  tamparaturs} 
due  te  heat  laes  from  the  skim  by  radiation. 

Aim  wrmtpla  mill  serve  te  ladisale  the  remge  of 
tsayeratuarse  te  be  eosomatered  by  alroraft  and  aireraft 
equipment  Ojiag  a ^ lOOyOOO  feet  at  speeds  from  M • 0 to 
M ■ 5,  Tkree  ewvue  fsr  ehla  end  equipmentr  temperature  for  a 
typiesl  ihealage  eastiwi  ere  Aown  at  eaoh  ef  three  epeede. 
it  M ■ $}  the  efotril  ourve  indleales  temperature  for  little 
heat  bsl^  predmeedj  ^ lev  temperature  eurii  Indieatee  the 
effect  ef  eeeliag  (qVt  • - SCCO  vn/br  ft*)j  end  the  hi^er 
tsaperaturs  ourve  eMie  tsM^sturee  to  be  attained  with  a 
given  amount  ef  eqnipamnt  heating  (q^A^  ■ iOOO  SfuA^r  ft^)« 

An  Idas  of  tha  problems  of  keeping  aircraft  skins 
cool  at  tha  high  Haeh  ntud>era  la  shown  by  a calculation  of 
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1 


cooling  required  for  the  surface  of  this  t^npicel  cowpartraent 
to  be  meintained  below  1^00  "R  under  st-asdy  flight  oondltions. 

In  this  section  at.  M jpprojrljnately  90,000  BTU/hr  of  cool- 
ing are  required  per  square  foot  of  surface  area.  Vhen  a value 
of  this  order  Is  nulblplled  bjr  the  total  .airsralft  surface  area 
the  magnitude  of  cooling  Is  shown  to  be  fantastically  large. 

The  most  applicable  method  of  maintaining  Internal  equipment 
below  reasonable  ten^rature  limits  at  these  speeds,  even  at 
high  altitudes,  is  to  use  a liQrer  of  good  thsnal  Insulation  in 
conjunction  with  an  efficient  cooling  systsni.  For  exaaiple,  a 
two  inch  l<qrer  of  insulation  with  a eondactl'^ly  of  .15  BTU/hr 
ft2  *F,  would  require  that  only  250  BW/hr  ft^  of  cooling  be 
supplied  to  maintain  internal  equipment  at  iq>prozlnateiy  6lO*R 
(150*F)  at  M«5,  ^0,000  ft,  with  the  saaqple  section  investigated. 
iCLthough  this  does  not  solve  the  problem  of  excessive  skin  tem- 
perature and  the  associ  ated  decrease  in  strength,  equipment  in 
the  aircraft  can  be  held  at  reasonable  temperatures  with  this 
system. 


Jllthough  it  is  possible  to  show  an  example  of  ranges 
to  be  expected  of  skin  and  equipment  ieiqserattire,  It  is  iaqpos- 
slble  at  the  present  time  to  m^4'e  reoommandatlons  regarding 
equlpatent  teiqierature  specifications  ^ This  Is  due  to  the  wide 
range  of  teaperatures  to  be  encountered  depending  on  speeds, 
part  of  aircraft,  t]q)e,  size  and  shiqpe  of  conqwnents,  and 
relationship  to  other  conponents.  It  can  be  stated,  however, 
that  equipment  should  operate  down  to  iamperatures  of  the 
atmosphere  encountered  In  the  altitude  range  of  the  aircraft. 
This  is  especially  Inportant,  as  can  be  seen  in  Figure  17 
with  low  speed  aircraft  idiere  equipment  teoperotures  are  very 
close  to  free  air  toperatures. 

With  Increase  in  aircraft  velocities  high  tempera- 
ture dlfficaltlee  become  pronounced.  A'dse  of  the  methods 
presented  In  this  report  will  serve  to  offer  a range  of  tem- 
peratures to  be  encountered  by  specific  equipment  systems 
operating  in  specific  parts  of  specific  aircraft,  or  of  the 
cooling  requirements  to  maintain  teaperature  below  some  limit 
under  such  conditions.  In  general,  it  is  recommended  that  the 
system  of  using  a test  chamber  of  the  same  size  and  oonflg:u- 
ratlon  as  the  aircraft  coopartmant  and  with  walls  at  tenpera- 
tures  determined  in  this  report  be  used  to  experimentally 
determine  equipment  tenperstures  and  to  evaluate  high  tempera- 
ture life  of  equipment.  It  is  also  recommended  that  equipment 
be  designed  to  operate  at  as  high  tenperatures  as  possible  in 
:ni"  speed  aircraft  in  order  to  reduce  the  requirements  for 
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cooling  and  tho  ckcossIto  wei^t  imposed  by  largo  capacity 
cooling  ayotou. 

A rough  ov-ALuatlon  of  accuracy  to  bo  obtaLnod  using 
tho  aothoda  of  thlo  roport  has  been  earriod  out.  Tho  wldo 
raige  of  t sapor  stares  oneountored  prohibits  statoaont  of  an 
expected  aoeuraey  for  tho  totol  aothod.  Hoverer,  mean  accur- 
acy of  portions  of  tho  systea  oan  bo  ostlaated  as  follows  t 

Tq  - aoeurato  te  \±  This  Is  based  on  TorLatlon 
of  rocoToxy  factor  ezperieneod  under  actual  conditions  with 
tho  aroroge  recorory  factor  of  this  report.  Under  aost  con- 
ditions tho  Taluo  of  will  be  '^^leeurats  to  within  this  ralue 

It*  * Tsj-  occurate  to  The  accuracy  of  this 

(Ufforenoe  Is  estlnatod  froa  a knoWle^o  of  errors  generally 
associated  with  a asthod  of  solution  of  tho  type  prosontod. 

Itg  - fq|.|Tq  - Tel  - accurato  to  i 20jt.  Hero 
acenrocy  is  estlaated  fnoa  general  aceurasy  obtainAlo  with 
solutions  of  problosM  of  natural  eonveotlwo  heating. 

Hthoui^  tho  accuracy  of  tha  asthods  of  solving  for 
taupsratare  dlfforeneos  does  not  appear  good,  a rerlaw  of  tho 
aagnituds  of  these  differences  c<»parod  to  tho  raluo  of 
adlibafcio  sorfeoe  tsogwratare,  Te»  •hove  that  errors  intro- 
dooed  are  of  saallor  aagnituds  than  those  in  T^,  and  thus  tho 
$%  aoearacy  In  deterainatlon  of  T^  is  tho  agjor  factor  In  do- 
tendali^(  aoonraoy  ot  tha  ororall  asthod  of  solution. 
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Appendix  I 


1.  Exoq;>le  Comparing  T and  T'  i 

G 

An  exanple  comparing  the  values  of  heat  trmsfer 
coefficient  using  T'  and  Te  as  the  reference  temperatures  to 
evaluate  the  properties  of  air  is  as  follows t 


p - 100  ib/ft^ 

T - UOO  *R 

M - 5 

Trosi  Figures  U mid  5t 

- 2U|0  ‘R 

T»  - 1?30  *R 

Reference  Temperature 

T * 2UtO  ^ 

T'  - 1730  *R 

Re/x  (Fig.  11) 

1.8  X 10^ 

2.U  X 10^ 

^ (Fig.  3) 

.0U83 

.ouou 

Pr  (Fig.  3) 

.6U 

.65 

(h)  (x-10  ft  Fig.  13) 

(turbulent) 

lU.o 

m.o 

(h)  (x-1  ft  Pig.  12) 

(laminar) 

6.5 

6.0 

It  can  he  seen  Arom  the  above  exaople  that  our 
cboloe  of  reference  te^>erature  T*  as  defined  in  this  report 
prodoeea  results  In  the  deteral nation  of  the  heat  transfer 
coefficient  o«q;>arible  to  the  results  of  some  other  investi- 
gators when  using  the  reference  temperature  T*.  It  is 
believed  that  use  of  T'  is,  however,  more  realistic  and  will 
offer  better '^accuracy  at  the  higher  speeds. 

2.  Kxan^le  of  Vaxlation  of  Recovery  Factor 

Based  on  the  f^pdlngs  of  various  Investigators, 
the  results  of  their  expsHments  on  flat  plates  mid  ogives 
hare  showk  recovery  factor  to  hare  values  from  ,82  to  ,96. 
These  values  were  obtained  for  conditions  of  subsonic  and 
supersonic  flow  both  laminar  and  turbulent.  Based  on  these 
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findings  for  flat  platss,  cones,  aid  ogiyes,  we  have  assumed 
for  purposes  of  the  development  of  the  method  presented  herein, 
that  the  value  of  the  recovery  fac^r  was  equal  to  the  average 
of  0,87 . Many  values  of  recovexy  factors  have  appeared  In  the 
literature  and  0,87  was  determined  as  an  average  from  review- 
ing the  results  of  the  various  investigators.  Although  it  is 
known  that  this  assumption  reduces  the  accuracy  of  the  results, 
its  effects  are  shown  to  be  small. 


H - 

$ 

Pe 

- 100  3b/ft 

- boo  *R 

r 

cst 

CD 

• 

.87 

.96 

r 

1.82, 

L^j 

1 .96 

20U0 

2lU0 

2320 

|gj» 

ISgfl 

wm 

-u.58< 

- 

48  .bur 

%T 

-3.36!tl 

- 

43.3W 

Should  further  accuracy  be  required,  a more  exact 
value  of  recovery  factor  can  be  used  in  a second  solution  for 
Tg  and  T' . The  error  will  be  reduced  considerably  for  lower 
values  of  Mach  number.  ^p^aix  II 

1.  Examples  of  Methods  Presented 


a.  The  following  example  will  show  the  use  of  all  the 
figures  and  charts  in  this  report. 


Data 

(1)  U0,000  feet  Cold  Atmosphere  Daytime 

(2)  Mach  Number  2 

(3)  Conical  nose  compartment,  thin  wall,  » .091* 


D 


D - 16"  S " 31" 


'!7 
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S'OTfaoB  #re«  of  oonpvtnoit  ■ irrs  ir  x S x 31  > 778  In 

- 5.U  n*. 

(U)  Hatoxial  of  cofflpvtnent  aluninun  (2I48T) 

(5)  ELeetronlc  Btiulpnent 

horlsontal  ejrlindor  3«  diaaotor,  6"  long  2 
surface  painted  black,  surface  ajrea  ■ «392  ft^. 

(6)  Heat  dissipated  by’  electronlo  equlpewnt  ■ 

5U0  BTU/hr  •<  100  BTU/hr  ft^  of  con^artnent  surface. 

Phase  I - Deterittlnatlon  of  Heat  Transfer  Paraweters 

Step  1 U0,000  feet  Mach  No.  2,  Cold  Atiaosphare,  daytlae 

Step  2 Prom  Fig.  1 & 2 P,,  - 33U  Ib/ft^  . 375  *R. 

Step  3 Fron  Plga.  7,8,9,10  Cone  Shook  ware  attached 

M - 1.75  P - 501  lb/ft2  T - U2O.O  -R 

Step  U From  Fig.  U - 66O  H 

Step  5 From  Fig,  $ T'  ■ 6OO  *R 

Step  6 From  Fig.  U Re/x  » 3.2  x 10^ 

Step  7 For  x « L » 31"  «■  2,58  ft  Re  ■ 8,26 

Since  this  value  is  greater  than  5 x 1(P  turbu- 
lent conditions  exist. 

Step  8 From  Fig.  3 k • ,016  BTU/hr  ft^  (*F/ft) 

Pr  - .695 

Step  9 From  Fig.  13  (h)  - BTU/hr  ft^  *F 

for  a cone  in  turfulent  flow,  multiply  this  value 
by  1.15  or  (h)  - 73.6  BTO/hr  *F.  In  this 
particular  can,  we  will  use  the  mean  heat  transfer 
coefficient  (h)-  irttLch  is  (h)_  or  2£  x 73.8  ■ 
81,8  BTU/iir  ft2**F  — 

S-tep  10  From  Table  I 0^  - ,$3  ■ .26 

Step  11  From  T4>le  I ” .3 

Step  12  From  Fig.  6 36  BTU/hr  ft^ 

0.-  UlO  BTU/hr  ft^ 

S’tep  13  Equipment  heat  dissipation  o 

— - 100  BlU/hr  ft 
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Phase  II  - Determination  of  Equlllbrl uia  3kln  Temperature. 
Step  1 B « ^ M 2?2,7 

€» 

(.26  X 36  x-i-x  ,53  X I4IO)  + 100  ♦ 81,9  X 660 

If 


Step  2 C 


.3 


180,730 


Step  3 Using  Figure  lU  and  coopited  values  of  B aid  C 

Step  li  On  Scale  B,  mark  off  the  conqjuted  value  of  B ■ 81,8 
(note  scale  factor  on  grafii) 

Step  5 Draw  a straight  line  froi;'  the  origin  0 > 0 to  value 
of  B - 81.8 

Step  6 On  scale  C,  mark  off  thS  computed  value  of  C ■ 180,730 
(note  scale  factor  on  grqph) 

Step  7 Through  this  value  of  C * 180,730  drav  a straight 
line  parallel  to  the  line  drsHn  In  Step  5 

Step  8 Where  the  straight  line  from  Step  7 intersects  the 
proper  curve  (curve  3>  note  scale  factor  on  graph) 
drop  a line  perpendicular  to  the  temperature  axis 
and  idiere  this  perpendicular  intersects  the  tonpera- 
ture  ads  is  the  value  of  T , the  equiUbzium  skin 
temperature  ■ 66O  •R  " 


Phase  III  - Inside  Skin  Tempereture 

Since  the  vail  of  the  oonparument  is  very  thin,  the 
Inside  skin  temperature  is  the  same  as  the  outside  equllib~ 
rium  skin  tenperature  T “ ^s  " 


Step  1 


) 
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(altunLnum) 


k_  « 1U5  BTU/hr  (T/ft) 
8 

'C  - .091"  " .0075  ft 

' loo . as /I , - 660) 

.0075 

step  3 - 660  *R 


Riaee  17  - Equipment  Tenperature 
Step  1 ■ 5U0  BTU/hr 

step  2 A " 2 ^0  *392  _ ^^2 

5.792 

effective  area  ■ .732  ft^ 

Step  3 Using  Figure  15  aid  knowing 

— » ^ 

\ ^ 

iUo,^  q, 

738  - ^ + ***• 


Step  U P - ,1559  atmaapheres 
D - 3"  - 1/U  ft 


.558 
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Step  5 <S’|  » ,9  ■ . 

£ - ^ ._i£_  . .8M 

1.8  - .81 


Step  6 Assunse  value  of  and  oorepute 
T„  = 1000  «R 

q 


step  7 


220 


Step  8 q^. 


- 1050 


Step  9 a a 

4 -£  <■  1170  ^ch  is  greater  than  ^ 

*.  *«  *. 

therefore,  assvuned  value  of  Tq  is  too  large 

Step  10  Assume  T « 9ljD  *R 

q 

ft.  83 


Step  12  q^ 

^ « 655 


Step  13  q 


-21  ♦ ^ - 83  4 


83  ♦ 655  - 738 


which  is  equal  to  % „ 


T 9U0  "R 

q 
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Phase  7 
Step  1 

Step  2 

Step  3 
Step  U 

Step  $ 


Step  6 
Data 

(1) 


Coapertawrt  4tr  Teaperature 
T ■ 9hO  *R  and  , 33 

A.  - 2 JL-3  - .732  ft 

- 83  X .732  - 60,7  BTU/hr 

^ . 155  btoAt  ft® 

t,  .3» 


Using  Figure  I6 


2si  - 155 


A 

Intersect  is  the  value  of  T 

0 

To  - <W0  -R 

itnother  example  for  a wing  section  is  as  follows. 
UOyOOO  feet.  Cold  Atnosphare,  DaFtlne 
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(2)  Maeh  Nunber  0.8 


(3)  Wing 
1/2" 
.025 


con^artnent,  skln-alusdlnan  (2liST),  .091"  thlAkv 
insulation  itiose  thexmal  conduotl^ty  Is 
BIUAr 


Dimensions  of  Compartmanti  Length  ■ 18" 

Width  - 12" 

Depth  ■ 7.5" 

(18"  X 12")  , ^2 

Surface  Area  of  Con?>artJnBnt  • 2 x ^ ^ ^ 

(U)  Elaotronlc  Equipment  ~ hoilsontal  cylinder 
3"  diameter,  6"  long,  surfaoe  painted  black 
Surface  area  - .392  It^ 


(5)  Heat  diasipabed  by  electronic  equipment 
- 20  BTU/hp  - 6.7  BTU/hr  ft*  of  c(*part- 
ment  surface 


Phase  I - Detemdnation  of  Heat  Transfer  Parmaeters 

Step  1 U0,000  feet  Mach  No.  - 0.8  Cold  Atmosphere 

Da^lne 

Step  2 From  Fig.  1 & 2 ■ 33U  Ib/ft^  ■ 375  *R 

Step  3 M - 0.8  P - 33U  Ib/ft^  T - 375  *R 
Step  1.  From  Fig.  U T - U20  ~R 

9 
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step  $ 
Step  6 
Step  7 

Step  8 

Step  9 
Step  10 
Step  11 
Step  12 

Step  13 

niaee  II 
Step  1 

Step  2 


Step  3 


From  Fig.  $ T»  - la?  'R 

From  Fig,  11  Re/x  » 1,2  x 10^ 

Take  x as  the  add  point  of  the  compartment 
as  measured  the  leading  x ■>  3.2^  ft 
Re  ■ 3.9  X 10°  Since  this  value  is  greater 
than  $ X 109  turbulent  conditions  exist. 

From  Fig.  3k-  .012  BTlT/hr  ft^  ( »F/ft) 

Pr  - .73? 

From  Fig.  13  h.  - 19  BTIJ/hr  ft^  «F 
From  Table  I ^ - ,26 

From  Table  I - .3 

From  Fig.  6 Qa - 36  BTU/hr  ft^ 

0*  - laO  BTU/hr  ft^ 

8 

2 

Heat  dissipated  by  equipinent  > 6.7  BTU/hr  ft 
of  compartment  surface, 

- Detemination  of  Eqnilibrium  Skin  Temperature,  T^ 


(.26  X 36  ♦'^x  ,53  *ylao)  ♦ 6,7  + 19  x I420 

.3 


0 . 30,797 

Using  Fig.  lU  Old  computed  values  of  B and  C 
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Stap  U On  scale  B,  mark  off  the  computed  value  of  B 63*3 
(note  scale  factor  on  grfph) 

Step  $ Drew  a straight  line  from  the  origin  0 - 0 to  value 
of  B - 63.3 

Step  6 On  scale  C,  mat4c  off  the  computed  value  of 
C “ 30«797  (note  scale  factor  on  grqph) 

'■  ’W 

Step  7 Through  this  value  of  C > 30,797  draw  a strain 
line  parallel  to  the  line  drawn  in  Step 

Step  8 Where  the  straight  Una  from  Step  7 intersects 
the  proper  curve  (curve  3*  note  scale  factor  on 
grqph)  drop  a line  perpendicular  to  the  tonpere- 
ture  fids  and  irtiere  tl^  perpendicular  Intersects 
the  tenperature  axis  Is  the  value  of  Tg,  the 
equilibrium  skin  teirperatture  T_  - 1(90  *R 


Phase  III  - Inalde  Skin  Tenperature 


Step  1 


Step  2 


^ <v  - *.) 

1U5  BTU/hr  ft^  (*p/ft)  iltiinlnum 


*C  - .091«  - .0075  ft 

k.  - .025  BTU/hr  ft^  (-P/ft)  insulation 

8 


'C- 


6.7  - 


.5"  - .01*25  ft 

(Tgj  ■ U90) 

.0075^  ,0^ 
11*5  .OU25 


Tgi  - 501  *R 


phase  17  - Equipment  Tenperature 
Step  1 • 20  BTO/hr 
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3.392 

Effective  area  - ,79U  ft^ 
Step  3 Using  Pig,  1?  and  knowing 

~ ■ ^ 

.7?U  1, 

28.8 

step  U p ■ ,1559  atmospheres 

D - 3«  - 1/U  ft 

r-  - 

Step  5 - .9  ^ - .9 

<£a. 


.81 


1,8  - ,81 


Step  6 Assniae  vaLue  of  and  ooeqpute 

^ A ^ 


.618 


Tq  - 530  «R 
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Step  7 
Step  8 
Step  9 

Phase  7 
Step  1 

Step  2 

Step  3 
Step  U 

Step  5 


2«I  - 


^ - 15.8 


- 13  ♦ 15.8  . 28.8 
liilch  is  equal  to  ^ _ 28  8 


therefore,  assumed  value  of  ■ 530  *R  Is  eorreet. 


Coag)artment  Air  Temperature 
know  T_  « 530  *R  and  %v 


A . 2 -2—3  . .79U 
c q 


- 13  X .79U  - 10.3  BTU/hr 
fl°I  . - 26,3  BTU/hr  ft^ 

*q  -392 


13 


Using  Fig,  l6 

U 

I 

.558 


'If- 


Tq  - 530  *R 

- 26.3 

*q 
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26.3  intsrsaet  ob 


St^  6 


irtiera  ■ $30  *R  and 


— - ■ .558  is  the  value  of  T 
D 0 


Tg  - 505  *R 
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Appal  dlx  m 

1. 

TABLE  1 

Total  Normal  Mean  Emlsslvlty  and  Absorbtlvlty 


Description  Meai  Effective  ^ aid  ^ 


4 

Metals 

100*P 

1000*P 

Solar 

Aluminum 

Polished 

.oU 

.08 

.10 

Oxidized 

.11 

.18 

Chromium 

.08 

.26 

.li9 

Copper 

Polished 

.OU 

.18 

.26 

Oxidized 

Oxidized  & Corroded 

.ifl 

.38 

.18 

Iron 

Polished 

.06 

.13 

.U5 

Oxidized 

.7U 

.78 

Nickel 

Polished 

.OU 

.10 

.UO 

Oxidized 

.39 

.67 

Zinc 

Polished 

Oxidized 

.02 

.OU 

.11 

.lj6 

Alloys 

Aluminum 

3 30 

.2U 

.2U 

53  SO,  Weathered 

.73 

.55 

2U  ST 

.052 

.53 

2li  ST,  Weathered 

.26 

.30 

75  ST,  Polished 

.07 

.15 

75  ST,  Anodized 

.56 

.32 

75  ST,  Unpolished 

.OU 

.08 

Inconel 

Clean  and  smooth 
Dull 

.lit 

.21 

'i9 
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Total  Normal  Meaa  Bnlsaivity  and  JSbsorbtivity 


Description 


Jilloys  (Gont'd) 


Mean  Effective^  and 

<S 

^ ^ c<s 

100  *P  1000  *P  Solar 


Magnesium 


J.H. Magnesium  alloy 


(Weathered) 

.^8 

.55 

M.H.  U2  Magnesium  alloy 

.70 

.UO 

F.S.A.  Dowmetal 

.38 

.38 

Nickel 

Monel,  Clean 

.12 

.10 

Monel,  Oxidized 

.46 

Chromenickel 

.6U 

Steel 

18-8  Stainless,  Polished 

.12 

.27 

18-8  Stainless, Unpolished 

.lU 

.32 

18-8  StainlesSjWeathered 

.62 

.62 

18-8  Stainless,  Sand 

Blasted 

.8U 

.84 

18-8  Stainless,  Oxidized 

.85 

.85 

Rolled  Sheet 

.66 

Rough  Sheet 

.94 

.97 

Tin 

Speculum  Metal 

.08 

.13 

Miscellaneous  Surfaces 

Shiny  Bakelite,  Clean 

.89 

Plexiglass 

.89 

Glass 

.85 

.U3 


.39 


Painted  Surfaces 

JUumjnuni  painted  with 

Black  Decoret  .8? 

Bakelite  painted  with 

Black  Decoret  ,9U 
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TABLE  I 


Total  Normal  Mean  Emisslviby  and  Absorbtlvity 


Description 


Painted  Surfaces  (Cont*d) 

External  air  drying  enamel 
W.P. Fuller,  D-70-63U2 
Aluminized  Lacquer 

123U  over  75  ST  Alclad 
Clear  Lacquer  123U  over 
75  ST  ALclad 

Pigments 

Lampblack  paint 
Cam^ior  Soot 
Acetylene  Soot 
Platinum  black 
Lan^black 
Flat  Black  Lacquer 
Black  Lacquer 
Blue  (COgO^) 

Black  (CuO) 

Red  (Pe^O^) 

Green  (CUgO^) 

Yellow  (PbO) 

Yellow  (PbCrOj^) 

White  (ALgO^) 

" (72O3) 

” (ZnO) 

" (CnO) 

« (KgCO^) 

" (ZrOg) 

" (ThOg) 

" (MgO) 

" (PbCOj) 

White  Enamel 
Dark  Glosay  Varnish 
Spirit  Varnish 
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Mean  Effective  and 


<Ks 

100  *p 

1000 “F 

Solar 

.85 

.8U 

.65 

.53 

125  *F 

750  *F 

Solar 

.96 

.97 

.97 

.98 

.99 

.99 

.99 

.99 

.99 

.91 

.95 

.98 

.9U 

.9li 

.96 

.98 

.80 

.95 

.87 

.86 

.97 

.85 

.96 

.70 

.7U 

.95 

.67 

.73 

.7U 

.U9 

.U8 

.95 

.59 

.30 

.98 

.79 

.16 

.89 

,66 

.26 

.97 

.91 

.18 

.96 

.78 

.15 

.96 

.89 

.15 

.95 

.77 

.lU 

.93 

.53 

,lh 

.97 

.8U 

.lU 

.89 

.71 

.12 

.92 

.89 

.83 

I4I 


ni^ht  con<iltlon„  “*°'’"  ^°'’  Trol«l  Alrc^rt  s m 

1*0,000  feet  * ®®‘^fcl&ns 

Hot  T„  . to  , 

' .^3 

■3^  Bra/hr  ft^ 

.3  ^ 0 3 * 

' ^ • .9 

t2  r*9/^s 

pr  1 


" ■ »H/a. 

Peramet 


7 

2l<0 

I--3 
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ia5 

Uip 

206$ 

910 

3x10^ 


k2 


Station 

A 

B 

(h)j^  or  (h)j^ 

(128), 

(92), 

T.,  •R 

1050 

1060 

V *® 

1055 

106$ 

Tc,  -R 

1052 

1062 

C 

D 

B 

F 

(81), 

(72), 

(“)„ 

(loo). 

1060 

1060 

1060 

1655 

M65 

12ijO 

- 

1060 

1120 

1060 

1055 
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THERMAL  CONDUCTIVITY  AND 
PRANDTL  NUMBER  AS  FUNCTIONS 
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ADIABATIC  SURFACE  TEMPERATURE  AS  A 
FUNCTION  OF  TEMPERATURE  AND 
MACH  NUMBER 
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SOLAR  AND  NOCTURNAL  IRRADIATION  AS 


MUC  TH 
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REYNOLDS  MODULUS  FOR  AIR 
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a FOR  A GIVEN  P AND  T FIND  INTERSECTION  ON  (I) 

b ALIGN  INTERSECTION  ON  (I)  WITH  GIVEN  M AND 
FIND  INTERSECTION  ON  (2) 

e aLiGN  INTERSECTION  ON  (2)  WITH  T'  TO  DETERMINE  Rf 


FIG.  II 


AT  transfer  in  LAMINAR  FLOW 


PROCEDURE 


a FOR  A GIVEN  k AND  Rj  FIND  INTERSECTION  ON  (I) 

X 

b ALIGN  INTERSECTION  ON,,  (I)  WITH  GIVEN  Pr 
AND  FIND  INTERSECTION  ON  (2) 

c ALIGN  INTERSECTION  ON  (2)  WITH  x TO 
DETERMINE  h 


FIG.  12 
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« POK  A AIVCN  k AND  Rr  FIND  MTCRtCCTION  OM  U1 

X 

b ALIGN  INTCNSCCTI ON  ON  (O  WITH  GIVCN  Fr 
AND  PINO  INTERSECTION  ON  (E) 

e ALIGN  INTERSECTION  ON  (2)  WITH  X TO 
DETERMINE  b 
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